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Regulatory volume decreaseRecently we found that cytoplasm of permeabilized mammalian cells behaves as a hydrogel displaying intrinsic
osmosensitivity. This study examined the role of microﬁlaments and microtubules in the regulation of hydrogel
osmosensitivity, volume-sensitive ion transporters, and their contribution to volume modulation of intact cells.
We found that intact and digitonin-permeabilized A549 cells displayed similar rate of shrinkage triggered by
hyperosmotic medium. It was signiﬁcantly slowed-down in both cell preparations after disruption of actin
microﬁlaments by cytochalasin B, suggesting that rapidwater release by intact cytoplasmic hydrogel contributes
to hyperosmotic shrinkage. In hyposmotic swelling experiments, disruption ofmicrotubules by vinblastine atten-
uated the maximal amplitude of swelling in intact cells and completely abolished it in permeabilized cells. The
swelling of intact cells also triggered ~10-fold elevation of furosemide-resistant 86Rb+ (K+) permeability and
the regulatory volume decrease (RVD), both ofwhichwere abolished by Ba2+. Interestingly, RVD and K+ perme-
ability remained unaffected in cytocholasin/vinblastine treated cells demonstrating that cytoskeleton disruption
has no direct impact on Ba2+-sensitive K+-channels involved in RVD. Our results show, for the ﬁrst time, that the
cytoskeleton network contributes directly to passive cell volume adjustments in anisosmotic media via the
modulation of the water retained by the cytoplasmic hydrogel.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The architecture of nucleated cells is supported by a three-
dimensional (3D) cytoskeleton formed by actin-containing microﬁla-
ments, intermediate ﬁlaments, and microtubules [1]. Several research
teams proposed that cell volume alterations result in cytoskeleton re-
arrangement that, in turn, affects the conformation and functional activ-
ity of diverse cytoskeleton-associated ion transporters and other pro-
teins involved in regulatory volume decrease and increase (RVD and
RVI, respectively) [2–5]. This hypothesis was supported by the observa-
tions listed below. First, in several types of mammalian cells, shrinkage
led to ligand-independent activation of cytoskeleton-associated cyto-
kine receptors [6–8]. Second, the addition of F-actin-disrupting (cyto-
chalasin B, latrunculin) and microtubule depolymerization agentslMembranes, Faculty of Biology,
y 1/12, Moscow 119899, Russia.
iger, 900, rue St-Denis,Montréal
. Grygorczyk),(colchicine, vinblastine) affected the activity of cell volume-sensitive
proteins, including Rho family GTPases, phospholipase A2, and myosin
light chain kinase (for review, refer to [9]). Third, in an overwhelming
number of cells studied so far, cell swelling and shrinkage were linked
with cellular F-actin decrease and increase, respectively [10–12]. Fourth,
in ﬁbroblasts and retinal pigment epithelial cells, hypotonic stress was
associated with increased microtubule polymerization [13,14]. Fifth, in
amphibian gall bladder cells [15], rabbit proximal tubules [16], Ehrilch
ascites tumor cells [17], PC12 andmammalian tumor cells [18,19], cyto-
chalasin B affected RVD and/or RVI.
It should be underlined that the cell volumemeasurement methods
employed in these studies had several limitations. For example, light
scattering, refractometry and Coulter electronic size techniques are ap-
plicable only to suspended cells and work best with cells of simple, e.g.
spherical, shape. Measurement of intracellular water volume with
membrane-permeable, non-metabolized compounds, such as [14C]-
urea and methyl-D-[14C]-glucose, needs prolonged incubation for the
steady-state distribution of radioisotopes as well as extensive washing,
which complicates precise kinetics studies. Reconstruction of single cell
images by laser interference or holographic microscopy cannot be
employed for volume measurement because the average refractive
2338 A. Platonova et al. / Biochimica et Biophysica Acta 1848 (2015) 2337–2343index of the cytoplasm is affected by cell shrinkage. Temporal resolution
of confocal laser scanning microscopy, scanning ion conductance mi-
croscopy and atomic force microscopy, the former techniques being
limited and do not permit monitoring of rapid volume changes, were
often fully completed within 2–3 min. Further constraints include pho-
todynamic damage to cells during longer exposure to laser light. For
comprehensive review, see [20,21].
Keeping the above-listed limitations in mind, we developed the
dual-image surface reconstruction (DISUR) technique based on phase-
contrast digital video microscopy, which allowed us to simultaneously
measure cell height, total surface area and volume of unperturbed,
substrate-attached cells of relatively regular shape with temporal reso-
lution of ~100 ms [22]. Taking this methodological approach, we dem-
onstrated that plasma membrane permeabilization with digitonin or
amphotericin B leads to dissipation of Donnan equilibrium and swelling
of nucleated mammalian cells but does not affect their integrity.
Unexpectedly, we found that permeabilized cells swell and shrink in
hypo- and hypertonic solutions, respectively. Remarkably, osmolality-
induced volume changes were larger than those observed with intact
cells [23] suggesting an involvement of osmosensing properties of cyto-
plasmic hydrogel in cell volume regulation.
In thepresent study,we compared the actions of cytoskeleton-active
compounds on volume perturbations in intact and permeabilized A549
cells as well as on K+ (86Rb) ﬂuxes playing a key role in RVD [24]. Our
results demonstrate, for theﬁrst time, that disruption of the cytoskeletal
network by cytochalasin B and vinblastine affects the osmosensing
function of cytoplasmic hydrogel but did not abolish RVD and
swelling-induced K+ ﬂuxes.
2. Methods
Human lung carcinoma A549 cells were grown in Dulbecco's modi-
ﬁed Eagle's medium supplemented with 10% fetal bovine serum,
2 mM L-glutamine, 50 U/ml penicillin and 100 μg/ml streptomycin.
The cytoskeleton was visualized by double staining of actin ﬁlaments
and microtubules. Brieﬂy, cells seeded on coverslips were washed
with phosphate-buffered saline (PBS: 150 mM NaCl, 5 mM Na-
phosphate buffer, pH 7.4), ﬁxed with 4% formaldehyde in PBS for
10 min, washed with PBS, permeabilized for 1 min with PBS containing
0.5% triton X-100, washed with PBS and incubated for 1 h with mono-
clonal anti-alpha tubulin (DM1A) antibody (Sigma-Aldrich, St. Louis,
MO) in PBS containing 1% bovine serum albumin (BSA). The cells
were then washed with PBS, and microtubules were stained with
FITC-conjugated anti-mouse-IgG antibody in PBS containing 1% BSA.
To visualize microﬁlaments and the nucleus, the cells were stained
with Alexa Fluo488 phalloidin and 4′,6-diamidino-2-phenylindole, re-
spectively, as described in detail elsewhere [25–27]. Actin ﬁlaments
and microtubules were disrupted by 20–30-min treatment with
20 μM cytochalasin B and 10 μM vinblastine, respectively.
Cell volume was measured in substrate-attached cells with an im-
proved version of the DISUR technique described in detail previously
[23]. Cells seeded on coverslips were mounted in a custom-made
ﬂow-through imaging chamber and perfused during ~25 min at 1–
2ml/minwith HEPES-buffered isotonic medium B (B-iso) at 37 °C. Isos-
motic medium (B-iso, ~310 mOsm) was composed of 135 mM NaCl,
5 mM KCl, 1.2 mM MgSO4, 1.3 mM CaCl2, 1.2 mM Na2HPO4, 10 mM D-
glucose, 10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid (HEPES); pH 7.4, adjusted with NaOH. To trigger swelling, cells
were incubated in hyposmotic medium B (B-hypo, ~180 mOsm) in
which [NaCl] was decreased to 70 mM. Cell shrinkage was caused by
their perfusion with hyperosmotic medium B (B-hyper, 510 mOsm)
contained 200 mMmannitol.
To estimate the relative impact of membrane-bound transporters
and cytoplasmic biogel in volume adjustment, A549 cells were perme-
abilized by ~2-min exposure to 5 μg/ml (~4 μM) of digitonin (Sigma-
Aldrich) in intracellular-like solution (ILS, ~304 mOsm) containing10 mM NaCl, 110 mM KCl, 5 mM MgCl2, 1 mM Na-ATP, 1 mM EGTA,
11 mM dithiothreitol, 25 imidazole and 10 mM 2-[[1,3-dihydroxy-2-
(hydroxymethyl)propan-2-yl]amino]ethanesulfonic acid (pH 7.1),
followed by washing with digitonin-free ILS. ILS osmolality was attenu-
ated by decreasing KCl concentration to 70mM(ILS-hypo, ~224mOsm)
and increased by adding 200 mM mannitol (ILS-hyper, ~504 mOsm).
The values of medium osmolality were calculated as for ideal solutions.
As veriﬁed by trypan blue staining, ~90% of A549 cells were perme-
abilized by such treatment. In separate experiments, by including
trypan blue at different time points after digitonin treatment, we
found that ~70% of cells remained permeabilized for at least 30 min,
long enough to study the properties of such permeabilized cells.
Because some cells re-sealed their plasma membranes during the 30–
40 min period, trypan blue staining was always undertaken at the end
of each experiment, to verify that they remained permeabilized
throughout the experiment. Cells that failed this test were rejected
from analysis.
3D reconstruction of cell shape was achieved with 2 conventional
microscopy cell images acquired in 2 perpendicular directions. Vertical
mounting of the coverslip permitted visualization of the lateral shape
of the cell of interest close to the lower edge via a ×20 phase contrast
objective. In addition, top-view images of the same cell were recorded
via a second microscope objective (×10) attached to a phototube and
mounted on amechanical micromanipulator (MX 100; Newport Instru-
ments,Mississauga, Canada) perpendicularly to the ﬁrst objective. Side-
and top-view cell images were acquired simultaneously at 10- to 60-s
intervals prior to osmolality challenge and at 5- to 30-s intervals during
the challenge. Images of the cell side-view proﬁle and top view of the
cell base were recorded for 100 ms with two independent miniature
charge-coupled device cameras (Moticam 350; Motic Instruments,
Richmond, BC, Canada) and Motic software at 0.14-lm/pixel and 0.18-
lm/pixel resolutions for side-view and top-view images, respectively.
The images were saved on a hard disk and analyzed off-line by DISUR
technique [22]. This technique generates a set of topographical curves
of the cell surface from its digitized proﬁle and base outline. Cell volume,
surface and height were calculated from such a reconstructed cell topo-
graphical model. All calculations were made entirely with Mat Lab
(MathWorks, Natick, MA). To visualize the reconstructed cell model in
3D perspective, data obtained with the help of the DISUR technique
were used to generate a 2D matrix containing approximate z coordi-
nates of points on the membrane surface. The 3D perspective of the
model cell was then plottedwithMat Lab or ORIGIN (Microcal Software,
Northampton, MA).
Intracellular water volume in cells seeded in 12-well plates was
measured as [14C]-urea available space according to a previously-
described protocol [28] and calculated as V = Ac / Amm, where Ac was
the radioactivity of the cells after incubation with 2 μCi/ml [14C]-urea
(dpm), Am was the radioactivity of the incubation medium (dmp/μl),
andmwas protein content in the cell lysate (mg).
To determine cell membrane K+ permeability, 86Rb uptake was
measured in cells growing in 24-well plates, washed twice with
2 ml of medium containing 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2
and 10 mM HEPES-tris buffer (pH 7.4, room temperature) and incu-
bated for 30 min at 37 °C in 1 ml of B-iso medium. The preincubation
mediumwas then replaced by 0.5 ml of the samemedium containing
0.5–1 μCi/ml 86RbCl, 10 μM ouabain, 10 μM bumetanide or 1 mM
BaCl2. The osmolality of this medium was decreased by reducing
NaCl concentration. Preliminary experiments demonstrated that
86Rb uptake was linear up to 20 min. This considered, isotope uptake
was terminated in 5 min by adding 2 ml of ice-cold medium contain-
ing 100 mM MgCl2 and 10 mM HEPES-tris buffer (pH 7.4). The cells
were then transferred on ice, washed 4 times with 2 ml of the same
ice-cold medium and lysed with 1 ml of 1% SDS/4 mM EDTA mixture.
Radioactivity of the cell lysate was measured with a liquid scintilla-
tion analyzer, and ion uptake was calculated as V = A / amt, where
A was radioactivity in the sample (cpm), a was the speciﬁc
enitsalbnivBnisalahcotyclortnoc
Fig. 1. Representative micrographs of microﬁlaments (red) and microtubules (green) in control A549 cells and cells treated for 20 min with 20 μM cytochalasin B or 10 μM vinblastine.
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content in the sample (mg) and t was incubation time (min).
Na+,K+,2Cl− cotransport activity was quantiﬁed as the ouabain-
resistant, bumetanide-sensitive component of the 86Rb inﬂux rate.
Previously, we reported that, side-by-side with K+ channels, Ba2+
dose-dependently inhibited Na+,K+,2Cl− cotransport [29]. With
these data in mind, the activity of K+ channels was estimated as
(ouabain + bumetanide)-resistant, Ba2+-sensitive 86Rb inﬂux.
Chemicals were procured from Gibco BRL (Gaithersburg, MO),
Calbiochem (La Jolla, CA), Sigma (St. Louis, MO) and Anachemia (Mon-
treal, QC, Canada). 86RbCl and [14C]-urea were obtained from
PerkinElmer (Waltham, MA, USA) and Isotope (St. Petersburg, Russia).50
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Fig. 2. Volume changes triggered by hyperosmotic (A, B) and hyposmotic (C, D) solutions in int
medium B (B-iso, ~300mOsm) and exposed to hyperosmotic B containing 200mMmannitol (B
cells were permeabilized by 5 μg/ml digitonin (dig) in isosmotic low-Na+, high-K+ intracellu
200 mMmannitol (ILS-hyper, ~500mOsm) or hyposmotic ILS containing 70mMKCl (ILS-hypo
with experiments shown in panels B and D, respectively. The mean value of cell volume docum3. Results
Fig. 1 shows that microtubules (presented in green) were uniformly
distributed in the cytoplasmof A549 cells,whereas actinmicroﬁlaments
(presented in red) were mainly located in peripheral regions neighbor-
ing the plasma membrane, forming the so-called cortical cytoskeleton
or membrane carcass. Consistently with previous reports [25,30], 20-
min exposure to 20 μM cytochalasin B sharply decreased the projected
area of A549 cells, slightly affected themicrotubule network and caused
accumulation of actin aggregates in the cortical and central regions of
the cytoplasm, indicated by bright red spots. Unlike cytochalasin B,
10 μM vinblastine disrupted the microtubules and increased actin80
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lar-like solution (ILS-iso, ~300 mOsm) and then exposed to hyperosmotic ILS containing
, ~150mOsm). Four independent experiments shown in panels A and C were randomized
ented during the ﬁrst 5 min of incubation (Vo) was taken as 100%.
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aggregates. Considering these observations, we undertook 20-min
treatment with cytochalasin B and vinblastine to examine the role of
3D cytoskeleton in the volume responses of intact and permeabilized
A549 cells.
In intact A549 cells, elevation of medium osmolality achieved by the
addition of 200 mMmannitol to isosmotic medium B, culminated in at-
tenuation of cell volume by ~35% (Fig. 2A). Consistent with previous
ﬁndings [23], we did not detect in these cells any signiﬁcant RVI during
the next 15min of incubation. In contrast to rapid hyperosmotic shrink-
age, the transfer of cells to an isosmotic environment resulted in slow
restoration of cell volume that was not completed in 15min. Disruption
of microtubules by vinblastine did not alter the kinetics of cell volume
perturbations triggered by hyperosmotic solution (Fig. 3A), whereas
disassembly of actin microﬁlaments in the presence of cytochalasin B
signiﬁcantly increased the time of half-maximal shrinkage (τ1/2) from
113 ± 19 to 542 ± 58 s (Table 1).
As noted in earlier studies [23,31], plasma membrane perme-
abilizationwith digitonin leads to ~2-fold elevation of A549 cell volume
(Fig. 2B). This is attributed to a new Donnan equilibrium between ﬁxed
negative charges of the polyelectrolyte cytoplasmic gel network and50
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Fig. 3. Effect of cytochalasin B and vinblastine on cell volume changes triggered by hyperosmotic
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volume documented during the ﬁrst 5 min of incubation was taken as 100%. Time windows foattracted diffusible counter ions that is established after removal of plas-
ma membrane permeability barrier. The resulting elevated concentra-
tion of inorganic counter ions leads to increased intra-gel osmotic
pressure, water inﬂux and swelling [5,21]. Heightened ILS osmolality
by the incorporation of 200 mM mannitol decreased permeabilized
cell volume by 70–80% (Δ=V3− Vmin, Table 2), in contrast with atten-
uation of cell volume by 30–40% in intact A549 cells (Fig. 2A, Table 1).
The augmented cell volume change values triggered by hyperosmotic
medium in permeabilized cells were consistent with previous results
obtained in A549, 16HBE14o and HL-60 cells, which were attributed
to high water-binding capacity of cytoplasmic gel [23]. Vinblastine did
not signiﬁcantly inﬂuence the dynamics of volume perturbations in
permeabilized cells, whereas cytochalasin B decreased the amplitude
of swelling evoked by alteration of Donnan equilibrium measured as
Δ=V3− V1 (Fig. 3B, Table 2). This indicates reduced water absorption
capacity of cytoplasmic gel after disruption of actin ﬁlaments. Consis-
tent with this notion, in hyperosmotic medium cytocholasin-treated
cells retained less water, displaying smaller volume compared to un-
treated cells (Fig. 3B). Similarly to intact cells, cytochalasin B reduced
by ~5-fold the rate of permeabilized cell shrinkage evoked by hyperton-
ic solution (parameter τ1/2, Table 2), suggesting that besides actine
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Table 3
Effect of hyposmotic medium, cytochalasin B and vinblastine on intact A549 cell volume.
Parameters Control
(n = 4)
Cytochalasin B
(n = 4)
Vinblastine
(n = 4)
V1, % 102.1 ± 1.8 130.0 ± 8.8 95.3 ± 2.5
Vmax, % 148.4 ± 6.9 145.8 ± 10.5 119.1 ± 5.5*
V2, % 107.0 ± 3.6 97.7 ± 9.87 88.9 ± 1.7
V3, % 78.4 ± 7.5 80.4 ± 11.4 74.5 ± 4.0
Themean cell volume value documented during the ﬁrst 5min of incubationwas taken as
100%. For time points selected for V1, Vmax, V2, and V3measurements, see Fig. 2C.Means±
S.E. are reported from experiments performed in quadruplicate. *p b 0.02 compared to the
controls.
Table 1
Effect of hyperosmotic medium, cytochalasin B and vinblastine on volume of intact A549
cells.
Parameters Control
(n = 4)
Cytochalasin B
(n = 4)
Vinblastine
(n = 4)
V1, % 96.6 ± 1.7 109.6 ± 1.5* 97.7 ± 3.1
Vmin, % 66.7 ± 4.5 60.7 ± 3.5 62.7 ± 6.1
V2, % 67.0 ± 4.5 63.2 ± 3.1 67.5 ± 5.3
V3, % 83.9 ± 4.8 72.4 ± 3.0 70.0 ± 11.2
τ1/2, s 113 ± 19 542 ± 58** 92 ± 15
Themean cell volume value documented during the ﬁrst 5min of incubationwas taken as
100%. For time points selected for V1, Vmin, V2 and V3 measurements, see Fig. 2A. τ1/2 cor-
responds to the time of half-maximal cell volume attenuation caused by transfer of cells
from isosmotic to hyperosmotic medium. Means ± S.E. are reported from experiments
performed in quadruplicate. *p b 0.002 and **p b 0.001 compared to control values.
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compartments contribute to cell volume changes.
In contrast to sustained hyperosmotic shrinkage, hypotonic swelling
of intact A549 cells was followed by rapid RVD and almost complete
normalization of cell volume in 30 min of incubation (Fig. 2C). We
noted that disruption of microﬁlaments and microtubules decreased
themaximal amplitude of hyposmotic shrinkage during RVDmeasured
as Δ=V1− Vmax (Table 3), consistent with reduced water binding ca-
pacity of cytoplasmic gel in vinblastine/cytocholasin-treated cells. Nei-
ther cytochalasin B nor vinblastine abolished RVD in hypotonically-
swollen intact cells (Fig. 3C). As detected in an overwhelming number
of cell types studied so far [10,12], reperfusion of hypotonically-
swollen A549 cells in isosmotic medium rapidly attenuated cell volume
by 30–40% (so-called post-RVD/RVI protocol). Both compounds de-
creased extent of shrinkage triggered by reperfusion of A549 cells
with isosmotic medium, estimated as parameter Δ = V2 − V3
(Table 3), consistent with lower water content of cytoplasmic gel in
these cells.
Fig. 2D shows that permeabilization of A549 cells signiﬁcantly in-
creased the amplitude of hyposmotic swelling (parameter Δ=V4−
V3, Table 4) compared to intact cells (parameterΔ=V1−Vmax, Table 3).
This is attributed to high water binding capacity by cytoplasmic gel and
unrestricted counter ion and water inﬂux in permeabilized cells [21,23].
As predicted, plasmamembrane permeabilization by digitonin complete-
ly abolished RVD mediated by the efﬂux of intracellular osmolytes along
their electrochemical gradients. Both cytochalasin and vinblastine elimi-
nated swelling of permeabilized cells in hypotonic medium (Fig. 3D) as
well as volume alterations evoked by reperfusion of permeabilized cells
with isosmotic ILS and estimated as parameter Δ= V4− V5 (Table 4).
This demonstrates that water binding by intact cytoplasmic gel is a
major water compartment participating in hypotonic swelling.
Previously, we demonstrated that in A549 cells hyposmotic swelling
activates Ba2+-sensitive K+ channels [24]. In this study, we examined
the regulation of these channels by cytoskeleton-active compounds.Table 2
Effect of hyperosmotic medium, cytochalasin B and vinblastine on volume of perme-
abilized A549 cells.
Parameters Control
(n = 4)
Cytochalasin B
(n = 4)
Vinblastine
(n = 5)
V1, % 99.8 ± 2.4 98.7 ± 1.2 101.3 ± 4.1
V2, % 139.6 ± 13.2 116.0 ± 10.7 120.7 ± 9.9
V3, % 194.1 ± 6.0 151.5 ± 5.3** 157.4 ± 20.2
Vmin, % 115.4 ± 7.7 90.1 ± 5.9 116.9 ± 7.1
V4, % 142.3 ± 14.7 92.2 ± 7.4* 148.3 ± 18.8
τ1/2, s 98 ± 17 452 ± 48*** 106 ± 21
Themean cell volume value documented during the ﬁrst 5min of incubationwas taken as
100%. For time points selected for V1, V2, V3, Vmin and V4 measurements, see Fig. 2B. τ1/2
corresponds to the time of half-maximal cell volume attenuation caused by transfer of
cells from isosmotic to hyperosmotic medium. Means ± S.E. are reported from experi-
ments performed in quadruplicate. *p b 0.02, **p b 0.002 and ***p b 0.001 compared to
control values.We found that ~10-fold increment of K+ (86Rb) permeability triggered
by hyposmotic medium was completely abolished by 1 mM BaCl2,
slightly diminished by vinblastine and was insensitive to the presence
of cytochalasin B (Fig. 4).
Keeping inmind the kinetic data on cell volumemodulation in intact
A549 cells obtained by DISUR technique, we employed the [14C]-urea
measurement of intracellular water volume in 5 and 30 min of incuba-
tion in hyposmotic medium for comparative analysis of the action of
Ba2+ and cytoskeleton-active compounds on RVD. Fig. 5 shows that in-
tracellular water volume was increased up-to 40–50% after 5 min of in-
cubation in hypotonic medium compared to isotonic medium (broken
line). Consistently with DISUR data, we found that the volume of intra-
cellular water was almost completely restored in 30 min of incubation
in hypotonic medium. The normalization of intracellular water volume
was abolished by Ba2+ but preserved in the presence of cytochalasin
B and vinblastine. The data show that despite elimination of
cytoskeleton-associated water binding compartment in vinblastine/
cytochalasin-treated cells, they retain ability to near-normal water
content restoration after hypotonic swelling. This process involves
Ba2+-sensitive passive movement of K+ ions across the plasma
membrane and osmotically-obliged water and is independent of the
cytoskeleton.
4. Discussion
The data obtained in this study prompted us to conclude that the cy-
toskeleton network contributes to the behavior of cytoplasmic hydrogel
as a sensor of extracellular osmolality. This conclusion is supported by
several observations.
First, disruption of actin microﬁlaments by cytochalasin B sharply
decreased the rate of shrinkage triggered by perfusion of A549 cells
with hyperosmotic medium (Fig. 3A, Table 1). Importantly, this action
of cytochalasin B was preserved in permeabilized cells (Fig. 3B,
Table 2), demonstrating that attenuation of the shrinkage rate after mi-
croﬁlament disruption is caused by modiﬁcation of hydrogel's water
binding/retention properties rather than by the reduced water perme-
ability of plasmamembranes. Second, disruption ofmicrotubules by vin-
blastine lowered the maximal amplitude of hyposmotic swelling inTable 4
Effect of hyposmotic medium, cytochalasin B and vinblastine on permeabilized A549 cell
volume.
Parameters Control
(n = 4)
Cytochalasin B
(n = 4)
Vinblastine
(n = 5)
V1, % 98.0 ± 2.0 115.4 ± 7.7 105.2 ± 3.1
V2, % 132.1 ± 16.3 154.3 ± 6.8 175.9 ± 16.2
V3, % 152.8 ± 12.3 153.2 ± 10.3 145.2 ± 7.4
V4, % 229.7 ± 23.6 137.5 ± 6.9* 121.3 ± 7.7**
V5, % 195.7 ± 10.1 143.4 ± 12.8* 120.3 ± 9.5***
Themean cell volume value documented during the ﬁrst 5min of incubationwas taken as
100%. For time points selected for V1, V2, V3, V4 and V5 measurements, see Fig. 2D. Means
±S.E. are reported from experiments performed in quadruplicate. *pb 0.02, **p b 0.01 and
***p b 0.002 compared to control values.
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Fig. 4. Effect of 1 mM Ba2+, 20 μM cytochalasin B and 10 μM vinblastine on the rate of K+
inﬂux, measured as 86Rb+ uptake, in intact A549 cells in control (B-iso) and hyposmotic
(B-hypo) media. Means ± S.E. from 6 independent experiments are reported. *p b 0.001
compared to control values.
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hyposmotic medium on the volume of permeabilized A549 cells
(Fig. 3D, Table 4). This demonstrates that water binding by intact cyto-
plasmic gel plays a major role in hypotonic swelling. Third, cytochalasin
B and vinblastine attenuated the shrinkage of intact swollen cells
triggered by their reperfusion in isosmotic medium (Fig. 3C, Table 3),
consistent with reduced water binding capacity of cytoplasmic gel in
vinblastine/cytocholasin-treated cells.
A comparative analysis of the action of cytochalasin and vinblastine
on intact and permeabilized cells suggests that cytoskeleton affects cell
volume via regulation of cytoplasmwater binding/retention capacity. In
accordance with this working hypothesis, in cells with intact cytoskele-
ton there is more structured gel-associated water which can rapidly re-
spond to osmotic challenges. The process is likely linkedwith expulsion
of excess water from densely-packed actin molecules within ﬁbers.2.0
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Fig. 5. Effect of 1 mM Ba2+, 20 μM cytochalasin B and 10 μM vinblastine on the volume of
intracellularwater in intact A549 cells after 5 and 30min of incubation in hyposmoticme-
dium.Means±S.E. from4 independent experiments are reported.Mean value of intracel-
lular water volume after 30 min of incubation of cells in isosmotic medium is shown by
broken line. *p b 0.005 compared to control values.Therefore, F-actin disruption by cytochalasin B during hypertonic cell
shrinkage could counteract actin condensation/polymerization that, in
turn, decreases the maximal size and slows down the osmolality-
dependent volume changes. This hypothesis is consistentwith elevation
of the F- to G-actin ratio seen in shrunken smooth muscle cells and dis-
ruption by cytochalasin B the maximal amplitude of contractile re-
sponses triggered by to osmotic challenges [26,32]. Importantly,
similar to major extracellular ﬂuids ILS should contain proteins or
other high-molecular weight solutes which do not penetrate through
digitonin-openedmembrane pores. Such solutes would counterbalance
isosmotic cell swelling by awell-known colloid-osmoticmechanism [5].
Thus, additional experiments should be performed to clarify the relative
contribution of low- and high-molecular weight osmolytes in volume
regulation in permeabilized cells.
We found that disruption of the cytoskeleton network by these com-
pounds did not abolish the RVD observed in intact A549 cells during
their prolonged incubation in hypotonic medium (Figs. 3C and 5).
Both increment of furosemide-resistant K+ ﬂuxes in swollen cells
(Fig. 4) and restoration of intracellular water volume in 30 min of incu-
bation in hyposmotic medium was completely suppressed by 1 mM
Ba2+ thus showing a key role of Ba2+-sensitive K+ channels in RVD.
We did not detect any actions of cytochalasin B on the activation of
Ba2+-sensitive K+ channels in swollen cells (Fig. 4) whereas the slight
inhibition of these channels by vinblastine was probably caused by de-
creased amplitude of the maximal swelling seen in 5 min of incubation
of vinblastine-treated A4549 cells in hypotonic medium (Figs. 3C and
5). These ﬁndings contradict the inhibition of RVD by microﬁlament-
and microtubule-disrupting agents reported in Jurket cells [33], am-
phibian gall bladder cells [15], rabbit proximal tubules [16], PC12 cells
and several mammalian tumor cell lines [17–19], but are consistent
with negative results obtained in studies on the actions of these com-
pounds on RVD in human neutrophils [33] and HL-60 cells [33–35].
Very modest inhibitory effects of cytochalasin B on RVD kinetic param-
eters were detected in rabbit proximal tubule epithelial cells [36], PC12
cells [37] and trout hepatocytes [38]. Moreover, in bovine articular
chondrocytes, actin cytoskeleton depolymerization by latrunculin
even accelerated post-RVD RVI [39]. This discrepancy might be a conse-
quence of cell type-speciﬁc organization of the cytoskeleton network
and/or the actions of cytoskeleton active compounds [33].5. Conclusion
Our results show, for the ﬁrst time, that the cytoskeleton network
contributes directly to osmosensing and passive cell volume adjust-
ments in anisosmotic media via the modulation of the water that is
bound/retained by the cytoplasmic hydrogel. However, the disruption
of hydrogel osmosensing function by cytoskeleton-active compounds
did not abolished RVD in A549 cells, thus implicating alternative/com-
plementary osmosensory mechanisms of cell volume regulation medi-
ated by plasma membrane osmolyte transporters.Transparency document
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